mL and DIPEA (0.27 mL, 1.5 mmol). The reaction mixture was allowed to slowly warm to room temperature and react overnight. The following day, the reaction was diluted with brine (50 mL) and extracted into EtOAc (3x75 mL). The organic layers were combined, dried over sodium sulfate, filtered, and concentrated. Purification by flash column chromatography (gradient of 0% to 100% EtOAc in Hexanes) yielded 2 with quantitative yield. R f (70% EtOAc in Hexanes) = 0.39. 1 H-NMR (500 MHz; CDCl 3 ) δ: 7.42 (d, J = 10, 6H), 7.30 (t, J = 10, 6H), 7.23 (t, J = 10, 3H), 5 
tetraene-5-carbaldehyde).
A previously-reported procedure was adapted for the synthesis of 3.
3
To a flame-dried vial equipped with a stirbar, 2,3,6,7-Tetrahydro-9-methyl-1H,5H-quinolizino[9,1-gh]coumarin 4 (0.6064 g, 2.4 mmol) was dissolved in a minimal amount of dry DMF (ca. 4 mL) under a nitrogen atmosphere. POCl 3 (6.8 mmol, 0.63 mL) was added dropwise over 5 min. The resulting solution was allowed to stir for 1 h until complete by LC-MS. The reaction was then quenched by dilution with 5 mL CH 2 Cl 2 , followed by sat. bicarbonate solution until gas evolution ceased. The resulting mixture was diluted with 50 mL brine extracted into CH 2 Cl 2 (3x 100 mL). The organic layer was dried over sodium sulfate, filtered, and concentrated. Purification by flash column chromatography (gradient of 0% to 5% MeOH in CH 2 Cl 2 ) yielded 3 (0.544 g, 80.8%) as an orange solid in 80.8% yield. R f (5% MeOH in DCM) = 0.50. 1 4 mmol) were dissolved in 10 mL 9:1 dry CH 2 Cl 2 :dry EtOH followed by two drops of piperdine. The vial was then capped and allowed to stir at room temperature for 72 h. When complete as determined by LC-MS, the reaction mixture was concentrated and purified by flash column chromatography (gradient of 0% to 10% MeOH in CH 2 Cl 2 ) to yield a mixture of both the Z and E isomers of 4 (0.127 g, 99.6%) as a red solid, which were used without farther purification. R f (10% MeOH in CH 2 Cl 2 ) = 0. In a vial, 4 (0.1272 g, 0.1 mmol) was dissolved in 3 mL of MeOH, followed by addition of iodine (0.0370 g, 0.2 mmol). The solution was stirred for 30 min before quenching with a 10 mL solution containing 0.2 M sodium citrate and 0.2 M sodium ascorbate in H 2 O at pH 4.0. The resulting mixture was extracted into CH 2 Cl 2 (3x 30mL). The organic layers were combined, dried over sodium sulfate, filtered, concentrated, semi-purified by flash column chromatography (gradient of 0% to 10% MeOH in CH 2 Cl 2 ), and used without further purification. The resultant red residue was dissolved in 3 mL dry DMF in a vial under a nitrogen atmosphere, to which DTT (.0472 g, 0.4 mmol) and then 0.05 mL of DIPEA (0.4 mmol) were added, after which the red solution turned yellow. After 5 min, product formation was confirmed by LC-MS and the solution was diluted with 1 M HCl (10 mL) and extracted into EtOAc (3x 20 mL). The organic layers were combined, dried over sodium sulfate, filtered, and concentrated. The resulting orange-yellow oil was dissolved in 3 mL DMF and octanoic anhydride (0.72 mL, 2.4 mmol) was added immediately followed by the dropwise addition of DIPEA (0.42 mL, 2.4 mmol). After 30 min, the red solution was diluted with 30 mL brine and extracted into CH 2 Cl 2 (3X 30 mL). The organic layers were combined, dried over sodium sulfate, filtered, concentrated, and purified by flash column chromatography (first column gradient of 0% to 100% CH 2 3 mmol) were dissolved in dry DMF (15 mL). After 1 h, 1.0000 g (2.6 mmol) of the bocdeprotected cysteine was added to the mixture of EDC and cyanoacetic acid followed by the addition of DIPEA (0.92 mL, 5.3 mmol). The resulting solution was then stirred at rt for 48 h before being diluted with brine (100 mL) and extracted into CH 2 Cl 2 (3x 100 mL). The organic layers were combined, dried over sodium sulfate, filtered, concentrated, and purified by flash column chromatography (0% to 10% MeOH in 1: (3x 15 mL). The organic layers were combined, dried over sodium sulfate, filtered, and concentrated before redissolving in MeOH (1 mL) and a solution of (tris(2-carboxyethyl)phosphine (0.4278 g, 1.5 mmol) in MeOH 1 mL and 0.5 mL water was added. After 2 h, the reaction mixture was concentrated in vacuo and dissolved in 1 mL DMF. Octanoic anhydride (0.22 mL, 0.75 mmol) was then added followed by trimethylamine dropwise over 10 mins (0.10 mL, 0.75 mmol). After 30 mins, the solution was diluted with brine (5 mL) and the pH was adjusted to 8 with 1 M NaOH before extracting into CH 2 Cl 2 (3x 10 mL Purification of APT1 and APT2. Recombinant human APT1, APT2, APT1(S119A), and APT2(S122A) were purified using previously reported methods. 1 Purified proteins were stored in individual aliquots in protein storage buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM DTT, 10% Glycerol) at 80 ºC. A fresh aliquot of protein was thawed for each experiment as we observed a time-dependent decline in activity of APT1 and APT2 once thawed.
Synthesis of RDP-1 ((2E
In vitro kinetic assays of RDP-1 and RDP-2. 100 µL of 400 nM of APT1 or APT2, or buffer without added enzymes, were added to buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4, degassed by bubbling N 2 through the solution for 1 h) and prewarmed to 37 o C in a heating block for 5 min. The buffer solutions were then added using a multichannel pipet to a black-walled clear-bottom 96-well plate (Nunc) containing 100 µL of 2 µM RDP-1 or RDP-2 in buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4, 0.15% DMSO) that had been pre-warmed in the plate reader at Cell culture and maintenance. HEK293T (ATCC) and HEPG2 (gift from Prof. Chuan He) cells were maintained in DMEM/High Glucose (10% FBS, 1% P/S, L-Glutamine, Sodium pyruvate, Gibco) with 10% FBS (Gibco/Life Technolgies, Qualified US origin) at 37 °C and 5% CO 2 . The cells were then used for less than 25 passages for all experiments. Multiple biological replicates were performed with cells from different passages and freshly thawed aliquots.
Colon organoids culture and maintenance. Generation of human colon organoids was performed as described by Sato et. al. 5 with some modifications. Briefly, pinch biopsies from colons of healthy human subjects were collected and washed three times with ice-cold PBS before an incubation at 4 o C in 8 mM EDTA/PBS for 30 min, with gentle agitation. Individual crypts were released from the tissue by repeated tituration through a P1000 tip. Crypts and tissue were passed through a 100 um cell strainer (Falcon 352360). Crypts were then transferred to a microfuge tube and centrifuged at 300g for 5 min. Supernatant was discarded and pellets were resuspended in human organoid growth media [Advanced DMEM/F12, Glutamax, 1X HEPES buffer, Pen/Strep, N2 supplement, B-27 Supplement Minus Vitamin A (Thermo Fisher), 1.25 mM N-acetyl-L-(+)-cysteine, 10 mM Nicotinamide, 50% L-WRN conditioned media (L-WRN cells were a generous gift from T. C. He, Department of Surgery, The University of Chicago), murine epidermal growth factor (50 ng/mL; Peprotech, Rocky Hill, NJ), recombinant human Rspondin1 (500 ng/mL; Peprotech), Jagged-1 (1 µM; Anaspec, Fremont, CA), 10 µM Y-27632, 30 µM SB202190, 500 nM A-8301, 2.5 µM Chir99021, 500 nM LY2157299 (all chemical compounds from Cayman Chemical, Ann Arbor, MI), 10 nM Leu15-Gastrin I and 10 µg/mL ciprofloxacin (Sigma Aldrich)]. Organoids were mixed with Matrigel (Corning 356253) in a 1:2 ratio, plated onto pre-warmed 6-well tissue culture plates (Corning 3506), and placed in a 37 o C/5% CO 2 incubator. After an hour, 2 mL organoid growth media was added. Organoids were maintained in culture for several weeks with media changes every 2-3 days.
Fluorescence imaging of RDP-1 and RDP-2 with HEK293T Cells. HEK293T were plated with 500 mL of DMEM (Gibco, High Glucose, Glutamax, 10% FBS) a four well chambered imaging dish (D35C4-20-1.5-N, Cellvis) which were precoated with 4 µg Poly-D-lysine (30-70 KDa, Alfa Aesar) for 2 h at room temperature or overnight at 4 o C and grown to ca. 80% confluence prior to imaging. 30 min before the addition of the RDP, the cell culture media was removed and cells were washed with 500 µL of serum-free DMEM (Gibco, High Glucose, Glutamax, no FBS). The media was then replaced with 500 µL of serum-free DMEM containing 100 nM Mitotracker Deep Red (ThermoFisher; to assist in focusing and processing) and either 0.1% DMSO carrier as a control or Palm B, ML348, or ML349 in DMSO and incubated for 30 min at 37 °C and 5% CO 2 . The media was removed, the cells were washed with 500 µL of Live Cell Imaging Solution (ThermoFisher), and 500 µL of 1 µM RDP-1 or RDP-2 along with the appropriate inhibitor or DMSO as control in Live Cell Imaging Solution was added to each well. After incubation for 10 min at 37 °C and 5% CO 2 Fluorescence imaging of RDP-1 and 4 with HEK293T Cells. HEK293T cells were plated with 500 mL of DMEM (Gibco, High Glucose, Glutamax, 10% FBS) a four well chambered imaging dish (D35C4-20-1.5-N, Cellvis) which were precoated with 4 µg Poly-D-lysine (30-70 KDa, Alfa Aesar) for 2 h at room temperature or overnight at 4 o C and grown to ca. 80% confluence prior to imaging. 30 min before the addition of the RDP, the cell culture media was removed and cells were washed with 500 µL of serum-free DMEM (Gibco, High Glucose, Glutamax, no FBS). The media was then replaced with 500 µL of serum-free DMEM containing 100 nM Mitotracker Deep Red (ThermoFisher; to assist in focusing and processing) and incubated for 30 min at 37 °C and 5% CO 2 . The media was removed, the cells were washed with 500 µL of Live Cell Imaging Solution (ThermoFisher), and 500 µL of 1 µM RDP-1 or 1 µM of 4. After incubation for 10 min at 37 °C and 5% CO 2 , the cells were washed with 500 µL Live Cell Imaging Solution and 500 µL of Live Cell Imaging Solution was added to the cells immediately before images were obtained on an inverted epi-fluorescence microscope (Olympus IX83) attached with EMCCD camera (Photometrics Evolve Delta) with 40x oil objective (N/A 1. 
Quantification and display of fluorescence images of RDP-1 and RDP-2 for cultured cells.
The probe channel data were expressed as a ratio of the blue channel divided by the green channel and normalized to the average fluorescence intenstiy of the control conditions. To eliminate errors from autofluorescence, the images were thresholded using the bluer channel images at the same minimum level that included the maximum number of cells in focus (as determined visually by the mitocondrial dye) while limiting the signal from areas where cells are not present. The average value of all nonzero pixels from the blue channel:green channel ratio image were calculated in ImageJ for three different measurements from each experiment. The percent deprotected was estimated by imaging RDP-1/2 in buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4, 0.1% DMSO) and for dye deprotected with 20 mM DTT in buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4, 0.1% DMSO) for 1 h at room temperature before aliquoted into individual tubes and stored at -80 o C. A fresh aliquot of the solution was thawed for each experiment and diluted to 250 nM (RDP-1) or 500 nM (RDP-2) in buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4, 10 mM DTT) and allowed to equilibrate for 30 m before being imaged. The resulting images were divided in the same manner as above and the average ratio was taken from at least three images in a circle with a diameter of 150 pixels drawn at the center of the image. The ratios obtained from deprotected and protected dyes were interpreted to be the ratio at 100% and 0%, respectively, and fit by linear least squares. The resulting equation for the line was used to estimate the percent deacylation of the dye.
Epifluorescent imaging of RDP-2 with human colon organoids. At least 24 h before imaging
experiments, cultured colon organoids were split using a 25G needle and 1 mL syringe, pelleted, and 50-100 organoids per well were re-plated in eight-well chambered slides (20 µL droplets/well; 250 µL organoid growth media; Cellvis) for treatment and imaging. 30 min before the addition of RDP-2, the cell culture media was removed and cells were washed with 300 µL of serum-free FluoroBrite DMEM (Gibco, High Glucose, Glutamax, no FBS). The media was then replaced with 300 µL of serum-free FluoroBrite DMEM containing 0.2% DMSO carrier as a control, Palm B, or ML348 incubated for 30 min at 37 °C and 5% CO 2 . The media was removed, the cells were washed with 300 µL of Live Cell Imaging Solution (ThermoFisher), and 300 µL of 5 µM RDP-2 along with the appropriate inhibitor or DMSO as control in Live Cell Imaging Solution was added to each well. After incubation for 10 min at 37 °C and 5% CO 2 (fatty acid free, Sigma) in DMEM (Gibco, High Glucose, Glutamax, no FBS) was prepared by disolving BSA in DMEM and sodium palmitate was added. The resulting suspention was sonicated for 30 mins and then incubated at 37 o C for 24 h. The now clear solution was then briefly mixed on a vortex mixter and filtered through a 0.22 µm syringe filter (PVDF, 30mm diameter, Santa Cruz Biotechnology, Dallas, TX). The resulting solution was alloquoted and stored at -20 o C. Solutions containing only 5% BSA were prepared in the same way as a control.
Solutions were thawed immediately before use and diluted to the required concentration in DMEM (Gibco, High Glucose, Glutamax, no FBS). confluence prior to serum starvation overnight (DMEM, Gibco, High Glucose, Glutamax, no FBS). 6 h before the experiment, media was replaced with DMEM (Gibco, High Glucose, Glutamax, no FBS) with 1% BSA (fatty acid free, Sigma) with 1 mM sodium palmitate or with out as a control. After 6 h, the cell culture media was removed and cells were washed with 500 µL of serum-free DMEM (Gibco, High Glucose, Glutamax, no FBS). The media was then replaced with 500 µL of serum-free DMEM containing 100 nM Mitotracker Deep Red (ThermoFisher; to assist in focusing and processing) and incubated for 30 min at 37 °C and 5% CO 2 . The media was removed, the cells were washed with 500 µL of Live Cell Imaging Solution (ThermoFisher), and 500 µL of 1 µM RDP-1 in Live Cell Imaging Solution was added to each well. After incubation for 10 min at 37 °C and 5% CO 2 , the cells were washed with 500 µL Live Cell Imaging Solution and 500 µL of Live Cell Imaging Solution containing DMSO or the appropriate inhibitor was added to the cells immediately before images were obtained on an Kinetic assay of 1 µM (A) RDP-1 and (B) RDP-2 with 2 µM APT1(S119A) (blue), 2 µM APT2(S122A) (red), and no enzyme (green) in buffer (20 mM HEPES, 150 mM NaCl, 0.1% Triton X-100, pH 7.4). Error bars are ± standard deviation (n = 3). 
